Powdery mildew is a destructive foliar disease of wheat worldwide. Wheat cultivar Tian Xuan 45 exhibits resistance to the highly virulent isolate HY5. Genetic analysis of the F 2 and F 2:3 populations of a cultivar Ming Xian 169/Tian Xuan 45 cross revealed that the resistance to HY5 was controlled by a single recessive gene, temporarily designated as PmTx45. A Manhattan plot with the relative frequency distribution of single nucleotide polymorphisms (SNPs) was used to rapidly narrow down the possible chromosomal regions of the associated genes. This microarray-based bulked segregant analysis (BSA) largely improved traditional analytical methods. PmTx45 was located in chromosomal bin 4BL5-0.86-1.00 and was flanked by SNP marker AX-110673642 and intron length polymorphism (ILP) marker ILP-4B01G269900 with genetic distances of 3.0 and 2.6 cM, respectively. Molecular detection in a panel of wheat cultivars using the markers linked to PmTx45 showed that the presence of PmTx45 in commercial wheat cultivars was rare. Resistance spectrum and chromosomal position analyses indicated that PmTx45 may be a novel recessive gene with moderate powdery mildew resistance. This new microarray-based BSA method is feasible and effective and has the potential application for mapping genes in wheat in marker-assisted breeding.
Powdery mildew is one of the most damaging diseases of wheat (Triticum aestivum L.) worldwide. It is caused by Blumeria graminis (DC.) E.O. Speer f. sp. tritici Em. Marchal (referred to as B. graminis f. sp. tritici hereafter) and occurs in wheat growing regions with moist and cold conditions. Powdery mildew can reduce crop yield by more than 30% and can seriously damage the quality of the grain when it is prevalent (Griffey et al. 1993; Leath and Bowen 1989) . Improving wheat resistance to powdery mildew is an environmentally friendly and cost-effective method to control the hazards of powdery mildew (Nelson et al. 2018) . One of the strategies to improve wheat resistance is via marker-assisted selection during breeding, so that disease-resistant genes can be stably inherited and expressed in new cultivars. However, it is challenging to breed effective, stable, and broad-spectrum resistant wheat cultivars because the resistance can be lost fairly quickly as a result of the rise of virulent pathogen populations (Mundt et al. 2002) . However, pyramiding multiple resistance genes into a cultivar can achieve durable resistance in crops (Singh et al. 2008) . Thus, the identification of more resistance genes from broad and various sources is a long-term and important work.
To date, more than 70 genes resistant to powdery mildew have been identified and located in wheat chromosomes, and they are officially named from Pm1 ascending to Pm58 (McIntosh et al. 2017) . Six of these loci (Pm1, Pm3, Pm4, Pm5, Pm8, and Pm24) have more than one resistance allele. Among these officially named genes, Pm5 (Pm5a to Pm5e) (Hsam et al. 2001; Huang et al. 2003) , Pm9 (Schneider et al. 1991) , Pm26 (Rong et al. 2000) , Pm42 (Hua et al. 2009 ), and Pm47 (Xiao et al. 2013 ) confer recessive resistance. The existence of these recessive resistance genes enriches the resistance mechanism to powdery mildew and provides more resources for resistance breeding (Fu et al. 2013 ). In addition, recessive disease resistance genes have an advantage of individual plant selection in the breeding process, as the individual containing a homozygous recessive resistance gene can be accurately identified by phenotype. This also means that individual plants with an allele for a dominant gene and a heterozygous gene are more susceptible to disease.
Bulked segregant analysis (BSA), which works with two selected and pooled groups that display extreme opposing phenotypes for a trait of interest, has been widely used for mapping target genes (Zou et al. 2016 ). To map a resistance gene, two bulked samples are created by pooling the DNA of resistant individuals and susceptible individuals, respectively. By comparing the two bulks, polymorphism markers can be screened out for further molecular mapping, and others can be eliminated to reduce the cost of experimentation (Michelmore et al. 1991) . The advent of nextgeneration sequencing technologies enables efficient highthroughput discovery of DNA variants in wheat, and new generation markers, such as single nucleotide polymorphisms (SNPs), which provide high resolution of genetic diversity . Combining high-throughput genotyping technology with a BSA strategy is an emerging powerful tool for accelerating gene identification and quantitative trait loci mapping (Zou et al. 2016) . Of these genotyping platforms, genotyping by sequencing (GBS) has been widely used in the mapping and application of disease resistance genes (Zou et al. 2016) . For example, Yin et al. (2018) used BSA combined with a locus amplified fragment (SLAF) sequencing strategy to rapidly identify a stripe rust resistance gene in space-induced wheat mutant R39. A total of 45 resistant plants and 45 susceptible plants selected from the cultivar Ming Xian 169/R39 F 2 population were bulked as the resistant bulk and the susceptible bulk used for SLAF sequencing to fine-map the stripe rust resistance gene YrR39 to a 17.39-Mb segment on chromosome 4B. Although GBS has advantages in fine-mapping and map cloning of disease resistance genes, BSAs with individual DNA makers and microarrays are always the first choice for preliminary research materials because of their low cost. Using BSA with polymerase chain reaction (PCR)-based markers (including randomly amplified polymorphic DNA, the sequence tagged site, the sequence characterized amplified region, restriction fragment length polymorphism, and other markers), polymorphic markers between two parents and two bulks were selected by screening a large number of markers covering the genome for the construction of linkage maps. For example, to locate Pm47, 967 simple sequence repeat (SSR) markers were examined between resistant and susceptible parents and bulks, from which four SSR markers on chromosome 7BS displayed polymorphism and were linked to the resistance gene. Thus, Pm47 was initially located on chromosome 7BS (Xiao et al. 2013 ). However, PCR-based BSA is labor intensive and it is very difficult to locate the target genes on the specific chromosomal regions in a short time. Microarray-based BSA, which genotypes two parents and two bulks by the chip, is a high-throughput method and the number of polymorphism markers can be identified in a short time, which is more efficient than the PCR-based methods (Zou et al. 2016) . However, a large number of polymorphic markers also creates a problem-namely, how to rapidly determine the location of the target gene on the chromosome. The current method is to initially determine the chromosomes of the target gene by counting the number of polymorphism SNPs on each chromosome or calculating the percentage of polymorphism SNPs in all SNPs of the chip on each chromosome, and then compare the reference genetic maps or physical maps, count the number of polymorphic markers per centimorgan of base or megabase, and use the markers that are selected from the largest number of intervals for linkage analysis to construct the genetic map (Wu et al. 2017 ). This general analysis of the polymorphic SNP site-enrichment method has a disadvantage. Because the number of SNPs per chromosome on each different type of the microarray is not evenly distributed, the number of SNP distributions on the same chromosome is also uneven, meaning that the target gene may exist in the intervals that have a lower number of SNPs. This method may lead to difficulty in quickly selecting the marker to use for mapping in certain cases. Thus, it is necessary to improve the method of preliminary judgment of a gene location by chips. This study will address this issue.
Wheat cultivar Tian Xuan 45 (original code 919R, Gansu wheat variety approval number 2009011) was developed by the Tianshui Agricultural Science Institute of Gansu Province in China. The pedigree of Tian Xuan 45 is 15th12 and 8845-1-1. Tian Xuan 45 exhibits all-stage resistance to the predominant Chinese stripe rust races (CYR), including CYR29, CYR32, CYR33, and CYR34 (Cao et al. 2017 ), and we also found that it had seedling resistance to powdery mildew in our tests.
The objectives of this study were as follows: (i) to identify the resistance gene to powdery mildew in Tian Xuan 45, (ii) to characterize the powdery mildew resistance gene(s) in Tian Xuan 45 using molecular markers to construct genetic and physical maps, and (iii) to develop a method for preliminarily determining the chromosomal location of the resistance gene loci through microarray-based BSA.
MATERIALS AND METHODS
Plant materials. Wheat cultivar Tian Xuan 45, as the male parent, was crossed with susceptible cultivar Ming Xian 169 to develop a mapping population for genetic analysis of the powdery mildew resistance and mapping the resistance gene. Fifteen plants of the F 1 generation, 105 plants of the F 2 population, its F 2:3 population, and the two parents were used to identify the powdery mildew resistance gene(s) for seedling resistance in Tian Xuan 45. Thirty-two differential hosts with the known resistance genes, which were provided by the wheat powdery mildew research group of the Chinese Academy of Agricultural Sciences Institute of Plant Protection, and 103 commercial varieties were used to identify the infection types of the B. graminis f. sp. tritici isolates. Each isolate was purified from a single conidiospore in this study to ascertain the range of its pathogenicity.
Pathogen isolates and evaluation of powdery mildew response. A total of 238 leaf samples with B. graminis f. sp. tritici were randomly collected from adult plants from more than 30 fields in Shaanxi Province (31°429 to 39°359N, 105°299 to 111°159E, 205,800 km 2 ) from April to May in 2013 and 2014 powdery mildew epidemic seasons. The method used to obtain isolates derived from single ascospores of samples was performed as described by Niewoehner and Leath (1998) . For the sexual cleistothecium, the spore release was required before purification. First, leaf fragments with cleistothecium, which were cut from each sample, were placed in Petri dishes with distilled water for 2 to 3 days. Then single cleistothecium was transferred to a small piece of filter paper that was attached to a Petri dish cover. Fresh, sterile wheat leaf segments from a susceptible variety were neatly arranged in the Petri dish with 0.5% water agar medium (containing benzimidazole at 60 µg/ml). It was ensured that only one piece of filter paper with a single cleistothecium was in each Petri dish. The Petri dishes were then sealed and placed in a greenhouse with 16 h of light and 8 h of dark exposure at 17 to 18°C. When the powdery mildew was fully developed on the leaf fragments, it was inoculated to seedlings of the susceptible variety planted in pots 10 cm in diameter for continual culture. Each pot was separated to ensure the purity of the isolates. When ascospores just appeared and the spores were not released, the leaf segments containing ascospores were cut off to allow for a single ascospore to be transferred to a small filter paper. Then the previous steps were repeated two or three times. This method allowed us to obtain purified B. graminis f. sp. tritici isolates. These purified B. graminis f. sp. tritici isolates continued to be cultured on susceptible seedlings. For leaf samples with viable conidia, they were directly inoculated to powdery mildew free seedlings for culture by simply shaking. The purification steps were as mentioned above (Parks et al. 2008 (Parks et al. , 2009 Xia et al. 2005) . In this study, wheat cultivar Ming Xian 169 was used to culture B. graminis f. sp. tritici isolates.
All of the isolates were identified by the 32 differential hosts using the leaf fragment method in vitro. Each host was planted in pots filled with a mixture of farmyard manure and sandy loam soil. When the seedlings had grown to the two-leaf stage, several 3.0-cm leaf segments from each host were placed on the surface of separate Petri dishes containing 0.5% water agar medium with 1, 4, 5, 7, 12, 14, 15, 17, 30 HX4 1, 4, 5, 14, 19 MX20 1, 8, 9, 10, 13, 14, 18, 19, 22, 26, 27, 30 CCQ15 1, 4, 7, 14, 15, 19 a The 32 known differential hosts with their resistance genes included in parentheses are as follows: 1, Axminster/8Cc (Pm1); 2, Ulka/8Cc (Pm2); 3, Asosan/8Cc (Pm3a); 4, Chul/8Cc (Pm3b); 5, Sonora/8Cc (Pm3c); 6, Kolibri benzimidazole at 60 mg/liter. Each Petri dish was inoculated with conidia from a single B. graminis f. sp. tritici isolate cultured on the leaf of Ming Xian 169 by shaking. Three replicate plates were inoculated with each isolate. The culture conditions of these dishes were as described above. Infection types were scored 14 days after inoculation using the following ratings: 0, no visible spots; 0;, necrotic reactions or dead spots could be seen on the leaves, but the leaves had no sporulation; 1, a bit of the colony could be seen on the leaves but the diameter of each was less than 1 mm, and sparse aerial hypha and little sporulation also could be seen on the leaves; 2, the diameter of the colonies was less than 1 mm but moderate aerial hypha and sporulation could be seen on the leaves; 3, thick aerial hypha and abundant sporulation were observed, and the diameter of the colonies was greater than 1 mm, but the lesion was not continuous; and 4, thick aerial hypha and abundant sporulation were present, and lesions were continuous. Infection types 0, 0;, 1, and 2 were considered as resistant, and types 3 and 4 as susceptible (Sheng 1988) . Four B. graminis f. sp. tritici isolates (HY5, MX20, HX4, and CCQ15) were selected from the total 238 B. graminis f. sp. tritici a The plus sign (+) indicates that the genotype of the test variety was the same as Tian Xuan 45, the dash ( _ ) indicates that the genotype of test variety was different from Tian Xuan 45, the asterisk (*) means the variety was not used to test, and the multiplication symbol (×) indicates that Kompetitive allele-specific polymerase chain reaction test genotyping failed. b Infection types were scored 14 days after inoculation using the following ratings: 0, no visible spots; 0;, necrotic reactions or dead spots could be seen on the leaves, but the leaves had no sporulation; 1, a bit of the colony could be seen on the leaves but the diameter of each was less than 1 mm, and sparse aerial hypha and little sporulation also could be seen on the leaves; 2, the diameter of the colonies was less than 1 mm but moderate aerial hypha and sporulation could be seen on the leaves; 3, thick aerial hypha and abundant sporulation were observed, and the diameter of the colonies was greater than 1 mm, but the lesion was not continuous; and 4, thick aerial hypha and abundant sporulation were present, and lesions were continuous.
isolates to test the seedling resistance of Tian Xuan 45 and the 102 other commercial wheat varieties, since they contained different virulence genes among each other and were the commonly used B. graminis f. sp. tritici isolates for resistance genetic analysis in China (Ma et al. 2014;  (Table 2 ). Seedling tests of Tian Xuan 45, the 102 commercial wheat varieties, and the F 1 and F 2 populations of Ming Xian 169/Tian Xuan 45 were performed using the in vitro leaf segment method described above. F 3 populations were inoculated directly in seedlings. Fifteen seeds of each F 3 family line were sown in individual pots placed in a greenhouse. When the seedlings of F 3 populations had grown to the two-leaf stage, conidiospores of the HY5 B. graminis f. sp. tritici isolate were directly inoculated to the leaves by shaking. After 14 days, the infection types on each plant were recorded according to the above criteria (rating from 0 to 4). The observed segregation ratio of plants resistant and susceptible to powdery mildew and the expected ratio were tested for fitness of the predicted inheritance model using the c 2 test to determine the number of resistance genes. Microarray-based BSA. The DNA of 15 resistant and 15 susceptible F 2 individuals was extracted from fresh seedling leaves using the cetyltrimethylammonium bromide (CTAB) method as modified by Yan et al. (2003) to construct resistance bulk and susceptible bulk. The bulks and parents were genotyped with 660K SNP arrays (Jia and Zhao 2016) from CapitalBio Corporation. The Axiom Analysis Suite (Thermo Fisher Scientific) was used for SNP genotype calling and clustering. To ensure that the relevant area was not deleted, all genotyping results were used in the later analysis. After comparing the genotyping results of the four samples of Tian Xuan 45, Ming Xian 169, resistance bulk, and susceptible bulk, the polymorphic SNPs that differed between resistant and susceptible parents and also had the same difference in bulks were selected. To determine the location of each SNP on wheat chromosome, we used the Basic Local Alignment Search Tool (BLAST) v2.5.0+ (https://blast.ncbi.nlm. nih.gov/) to search the International Wheat Genome Sequencing Consortium (IWGSC) Wheat Reference Genome RefSeq v1.0 database (2014; https://urgi.versailles.inra.fr and http://www. wheatgenome.org). A total of 630,517 SNPs from the 660K chip were used to BLAST search the reference database, with an "evalue" setting of 0.00001. The BLAST results only retained the data where the "percent identity" was 100 on each chromosome, and duplicates were eliminated so that an SNP sequence could appear on each chromosome once at most but could still appear on different chromosomes. Then we counted three datasets. The first dataset was the number of all of the SNPs in 660K chips contained per 1 Mbp per chromosome by the above method. The second dataset was the number of polymorphic SNPs selected by BSA contained per 1 Mbp per chromosome. The third dataset was the relative frequency distribution of polymorphic SNPs, measured by calculating the ratio of the polymorphic number of SNPs to the number of all of the SNPs in 660K chips per 1 Mbp per chromosome. This ratio is expressed in P values. Circos 0.69-6 software (http://circos.ca/ software/download/) was used to draw plots to illustrate the three datasets. Additionally, the Geneview Python package (https:// github.com/ShujiaHuang/geneview#geneview-a-python-packagefor-genomics-data-visualization) was used to draw a Manhattan plot to show the third dataset. Through analyzing these results, we initially determined the possible regions of the resistance gene loci on wheat chromosomes.
Kompetitive allele-specific PCR marker assays and genotyping. The polymorphic SNP markers in the target region were randomly selected to design Kompetitive allele-specific PCR (KASP) markers by PolyMarker (Ramirez-Gonzalez et al. 2015) . Chromosome-specific KASP markers were used to genotype individual F 2 plants (Semagn et al. 2014) . A 5-µl KASP reaction mixture consisted of 50 to 100 ng of wheat genomic DNA, 0.056 µl of assay primer mix (12 mM of each allele-specific primer [6-carboxy-29,4,49,59,7,79 -hexachlorofluorescein succinimidyl ester (HEX) and 6-Fluorescein Phosphoramidite (FAM) primers] and 30 mM of common primer), 2.5 µl of 2× KASP v4.0 Master mix (LGC Genomics), and sterile deionized distilled water, which was used to complement the reaction system (He et al. 2014; Wu et al. 2017 ). The KASP assay was programmed for initial denaturation at 94°C for 15 min, nine cycles of 94°C for 20 s, and touchdown starting at 65°C (decreasing by 0.8°C per cycle) for 1 min, followed by 30 to 40 cycles of amplification at 94°C for 20 s and at 57°C for 1 min (Wu et al. 2017 ). The KASP assay was done in an S1000 thermal cycler with a 384-well plate (Bio-Rad Laboratories).
Linkage map construction and candidate gene analysis. The genotypes of each marker and resistance gene locus for the F 2:3 population were used to construct a linkage map with JoinMap 4.0 software (van Ooijen 2006). The grouping mode was set as the independent limit of detection (LOD), the mapping algorithm was set as regression mapping, the mapping function was set as a Kosambi function (Kosambi 1943) , and the linkage LOD score was 5.0 as a threshold. Missing data were considered a blank value to participate in the analysis. Genotypic markers used to construct genetic linkage maps were tested using c 2 tests to exclude markers with distorted segregation (P > 0.001) (Wu et al. 2018 ). Mapchart v2.3 software (Voorrips 2002 ) was used to visualize the linkage map. In addition, we used more than 700 deletion-bin-known expressed sequence tag (EST) sequences, which were downloaded from the GrainGenes database (https://wheat.pw.usda.gov/) on the 4B chromosome to BLAST search the IWGSC RefSeq v1.0 database, to determine the deletion bins of the resistance gene. Based on the target region, the IWGSC RefSeq v1.0 annotation database (https://urgi.versailles.inra. fr/) was used to analyze candidate genes.
Comparative genomics collinearity analysis and intron length polymorphism marker development. Based on the deletion bins of the resistance genes, we used wheat EST sequences to BLAST search the Brachypodium distachyon v1.0 DNA database and the Oryza sativa International Rice Genome Sequencing Project v1.0 DNA database from the Joint Genome Institute Genome Portal (https://genome.jgi.doe.gov/) to analyze the collinearity between B. distachyon and O. sativa. Subsequently, BLAST was used for the candidate genes on the National Center for Biotechnology Information website to compare them with the B. distachyon and O. sativa genome database. Combined with the IWGSC RefSeq v1.0 annotation database, the exons and introns of candidate genes were identified, and we designed 85 pairs of intron length polymorphism (ILP) markers with Primer Premier 5 software (http://www.premierbiosoft.com/primerdesign/) to find more markers linked to the target genes (Choi et al. 2007; Wei et al. 2005; Yang et al. 2007 ). The 50-µl reaction mixtures consisted of 25 µl of 2×Es Taq MasterMix (CoWin Biosciences), 2 µl of each of Fig. 1 . The seedling test result of 103 varieties to Blumeria graminis f. sp. tritici isolates MX20, MX4, HY5, and CCQ15. the forward and reverse primers (5 µM), 5 µl of template DNA (50 ng/µl), and sterile deionized distilled water, which was used to complement the reaction system. PCR amplifications for ILP marker analysis were performed on an S1000 thermal cycler (BioRad Laboratories) and were programmed as follows: at 94°C for 4 min for initial denaturation; then 14 decreasing cycles, each consisting of 94°C for 30 s, 55°C (decreasing by 0.8°C per cycle) for 1 min, and 72°C for 1 min; and 19 cycles, each consisting of 94°C for 30 s, 50°C for 30s, and 72°C for 1 min, followed by a final 10-min extension at 72°C. A total of 6 µL of PCR product was electrophoresed in 1% agarose gel with DuRed nucleic acid gel stain and visualized under ultraviolet light. All individual genotypes amplified by ILP primers were also used to construct the genetic map along with the previous markers using the methods described above.
Validation of markers flanking target resistance genes. A total of 86 wheat varieties that had been tested with HY5 at the seedling stage were used to verify the three closed markers linked to resistance genes. The methods of DNA genomic extraction and marker amplification were as described above.
RESULTS
Pathogen isolation and identification. Results of the evaluation of the powdery mildew response of HY5, MX20, HX4, and CCQ15 to 32 differential hosts and 103 commercial wheat varieties are shown in Tables 1 and 2 and Figure 1 . These four isolates showed a virulence pattern different from the predominant isolates of China, harboring virulence to more than half of the varieties at the seedling stage. In those varieties, only 22.33% had resistance to HY5. Tian Xuan 45 had resistance to HY5 and CCQ15. The varieties that were resistant to two isolates accounted for 11.65% of all tested varieties. These data indicated that further study of the resistance in Tian Xuan 45 to HY5 has significant value to resistance breeding. Inheritance of powdery mildew resistance from Tian Xuan 45. The resistant parent Tian Xuan 45 displayed a moderately resistant infection type of 2, whereas susceptible parent Ming Xian 169 showed a susceptible infection type of 4. Fifteen F 1 plants from the Ming Xian 169/Tian Xuan 45 cross were susceptible and not the same as a susceptible parent. The infection type of F 1 plants was between 3 and 4. The 105 plants of the F 2 population segregated as 24 resistant/81 susceptible, fitting the 1:3 ratio (c 2 = 0.2571 < 3.84; P = 0.5338). For this F 2 population, no plants with an infection type of 0, 0;, or 1 were found. The F 2 population segregated as 24:55:26 for infection types 2, 3, and 4, respectively, fitting the 1:2:1 ratio (c 2 = 0.3143 < 5.99; P = 0.8546) (Fig. 2) . The 101 F 2:3 families (four plants had died during transplanting) were classified as 18 homozygous-resistant, 54 segregating, and 29 homozygous-susceptible types, respectively, fitting the 1:2:1 ratio (c 2 = 2.8811 < 5.99; P = 0.2368) (Table 3 ). These results indicated that the resistant character of Tian Xuan 45 to HY5 was a single recessive locus. We tentatively designated this locus as PmTx45.
Microarray-based BSA initially determined the locus of the resistance gene. The genotyping results of the bulks and parents for the 660K SNP arrays analyzed with the IWGSC RefSeq v1.0 database are shown in Figure 3 . Chromosomes 2B, 3B, 4B, 5B, 6A, and 6B had more polymorphic SNPs than other chromosomes, based on the distribution of the number of polymorphic SNPs per chromosome. For this result, we could not locate the resistance gene in chromosomes by only the enrichment of the polymorphic SNPs on the chromosome data (Fig. 3A) . According to the results of the distribution of polymorphism SNPs per 1 Mbp in each chromosome, we found that 2B, 4B, and 6A may have higher probability to be the chromosomes that contained PmTx45. 5B and 3B did not show a particularly high enrichment peak under this plot, because the chip had more on the loci of the two chromosomes (Cui et al. 2017 ; Fig. 3C ). Figure 3B and C (2) use a Manhattan plot and a scatter plot to display a dataset on the relative frequency distribution of polymorphic SNPs, illustrating the ratio of the polymorphic number of SNPs to the number of all of the SNPs in 660K chips, per 1 Mbp per chromosome. There was a significant continuous rising distribution at the end of chromosome 4BL in those two plots, so we initially located the resistance gene in the range of 520 to 550 Mbp of 4BL.
Identification of SNP markers linked to PmTx45. We designed 30 pairs of KASP primers selected from 30 chromosomespecific SNPs in the interval of 520 to 550 Mbp on chromosome 4BL for genotyping. Because the ratio of F 2 individuals with infection types of 2, 3, and 4 fit the 1:2:1 ratio, a dataset was designed with an infection type of 2 as the resistance phenotype, an infection type of 3 as the heterozygous phenotype, and an infection type of 4 as the susceptible phenotype for linkage analysis, using JoinMap 4.0 with the genotypes from the KASP assay. The linkage map showed that nine markers of AX-109996634, AX-110100287, AX-110591267, AX-220673642, AX-95189919, AX-109420828, a Dashes indicate that the marker was a dominant marker, and heterozygous alleles cannot be distinguished from homozygous alleles. A = resistant parent allele, B = susceptible parent allele, H = heterozygous allele, ILP = intron length polymorphism, KASP = Kompetitive allele-specific polymerase chain reaction, and IT = infection type. b The asterisk indicates that although P < 0.05, these markers and PmTx45 are in the same group by calculation. c The genotyping result of a resistance plant for marker AX-109884637 was missing. AX-109884637, AX-111589326, and AX-110483693 and the resistance gene locus in Tian Xuan 45 had stringently linked, with an LOD score of 5.0 (Fig. 4) . This result indicated that these nine markers were linked to PmTx45, spanning a genetic distance of 98.1 cM. The original sequences of the 10 markers were used to BLAST search the IWGSC RefSeq v1.0 database to locate their position, and PmTx45 was more accurately located in the 537.48 to 549.13 M on chromosome 4BL. More than 700 EST sequences on the 4B chromosome were used to BLAST search the IWGSC RefSeq v1.0 database to determine the physical position of their deletion bins. The results showed that the ESTs of deletion bin 4BL5-0.86-1.00 were focused on 520 to 570 M. Because this range contained the resistance locus of PmTx45, we deduced that PmTx45 might be located at 4BL5-0.86-1.00 ( Fig. 5A and B) . Development and identification of ILP markers linked to PmTx45. Collinearity analysis showed that there was collinearity between 4BL5-0.86-1.00 of cultivar Chinese Spring, 68 to 75 M of chr1 of B. distachyon, and 0 to 6 M of chr3 of O. sativa. A total of 200 ILP primers were designed from all 70 genes in the possible range of PmTx45 in the IWGSC RefSeq v1.0 annotation database. Thirty disease-related genes that contained a diseaserelated conserved motif were selected from the collinearity range of B. distachyon, and 32 disease-related genes were selected from the collinearity range of O. sativa. After amplification, the ILP primers derived from B. distachyon and O. sativa showed multiple bands in agarose gel, and none of these markers had specific bands related to the resistance gene locus. These markers were not used for linkage analysis. The ILP primers derived from wheat genes produced robust bands, and several primers had polymorphism between the bulks and the parents. Six of these markers ILP-4B01G266700, ILP-4B01G269900, ILP-4B01G271700, ILP-4B01G266200, ILP-4B01G268100, and ILP-4B01G266900 were linked to PmTx45 (Fig. 5) .
Linkage map construction and candidate gene analysis. A linkage map constructed with the identified KASP and ILP markers is displayed in Figure 5 . According to the map, the two flanking markers linked to PmTx45 were AX-110673642 and ILP-4B01G269900, with genetic distances from the gene of 3.0 and 2.6 cM, respectively ( Fig. 5C ; Table 4 ). By comparing the genetic map and the physical map ( Fig. 5B; Table 5 ), the order of the markers on the two maps was inconsistent. This out-of-order situation may be attributable to the different genetic background. Table 6 and Figure 5D , E, and F illustrate the associated linkage markers of the candidate genes. The sequence of marker AX-110673642 did not hit any genes in the IWGSC RefSeq v1.0 database. Thus, ILP-4B01G266200 and ILP-4B01G269900 were used to locate genes in TraesCS4B01G266200 to TraesCS4B01G269900. There were 36 genes between the two markers. AX-95189919 and AX-110100287, which hit Bradi1g71620 and Bradi1g71700, were the closest flanking markers that could hit B. distachyon genes. There were 12 genes between Bradi1g71620 and Bradi1g71700. AX-95189919 and ILP-4B01G266700, which hit LOC_Os03g09310 and LOC_Os03g09280, were the closest flanking markers that could hit O. sativa genes. Only two genes between LOC_ Os03g09280 and LOC_Os03g09310. Those 36 genes from Chinese Spring, 12 genes from B. distachyon, 2 genes from O. sativa (Supplementary Table S1 ), and 18 markers associated with the resistance gene locus (Table 6 ) were used to develop markers in the future experiments.
Flanking marker validation. ILP-4B01G269900, AX-110673642, and AX-95189919 were used to detect the presence of PmTx45 in 86 wheat varieties that had been tested at the seedling stage with HY5 ( (Fig. 6) , and only six varieties had the same genotype. Combined with the detection results of AX-110673642, it was proven that the presence of PmTx45 in the wheat varieties was rare, and the verification of these markers was effective.
DISCUSSION
Microarray-based BSA with the relative frequency distribution of polymorphic SNPs. In this study, we first used general analysis of the polymorphic SNP site-enrichment method to initially localize the target gene. However, because the difference between several chromosomes was not clear, we used the method of relative frequency distribution analysis of polymorphic SNPs to determine the specific location of the target gene. For this dataset, a Manhattan plot can be more intuitive and compact than a scatter plot to show this difference. This method is a variant of general SNP analysis of enrichment sites, which takes into account the distribution of SNPs of the chip itself in each chromosome. Of course, finding a suitable scanning unit will help determine the location of the target gene for this method. Figure 7A and B shows the dataset of the relative frequency distribution of polymorphic SNPs when the window screen size was 10 KB and 10 M, respectively. It is indicated that a window screen size of 10 KB has an influence on the judgment of the position of the target gene because the P value is too high. When the window screen size is 10 M, more enrichment peaks are shown owing to the relative decrease of the P value. Thus, the best screen window size is 1 M for genotypes from the wheat 660K SNP chip. In addition, Figure 7C shows a dataset of the relative frequency distribution of polymorphic SNPs for detecting resistance gene YrM8664-3 (Chao et al. 2018) to verify the usefulness of this method. An enrichment peak appears on 4A, which is consistent with the mapping result. Through the above experiment and discussion, this method can be used as a preliminary tool to determine the possible location of the target gene. Of course, precisely mapping a target gene requires genotyping and phenotyping each individual in a segregating population and conducting genetic analysis.
Markers and associated genes. TraesCS4B01G266700, associated with ILP-4B01G266700, expressed a GRAS transcription factor protein. GRAS genes have been proven to be related to plant disease resistance (Mayrose et al. 2006 ). TraesCS4B01G266900 and TraesCS4B01G271700, associated with ILP-4B01G266900 and ILP-4B01G271700, expressed F-box family protein. The F-box family genes were commonly found to be associated with the leucinerich repeat motif, which is a classic disease-resistant conserved motif (National Center for Biotechnology Information 2019). These three disease-related genes have the ILP between the resistant and susceptible cultivars, and the associated markers linked to PmTx45 can be used to conduct a real-time quantitative PCR assay to verify whether it plays a role in the resistance to powdery mildew in later experiments.
PmTx45 may be a novel recessive moderate powdery mildew resistance gene, and it has potential application value in breeding. To date, there is no powdery mildew resistance gene reported on 4BL. PmTx45 may be a novel powdery mildew resistance gene. The application value of PmTx45 is shown in the following aspects. First, PmTx45 has seedling resistance to HY5, which is virulent to 77% of tested varieties. If the seedling resistant varieties are planted in the origins of disease epidemics, they can inhibit inoculum rates to control disease epidemics, effectively year-round. If PmTx45 is widely carried by the cultivars planted in the origins of epidemics, it could suppress the prevalence of HY5 even with a moderate resistance. Second, PmTx45 is a recessive resistance gene, which means that resistant individuals must be homozygous to be conducive to the breeding process. In addition, further study of recessive moderate powdery mildew seedling resistance gene PmTx45 may also provide new ideas for understanding the interaction between plants and pathogens as well as the immune mechanism of plants. Finally, a pyramiding breeding strategy should be used to combine multiple race-specific resistance genes and nonrace-specific genes to achieve broad resistance. The detection rate of PmTx45 in wheat varieties was rare, and the location of PmTx45 is novel compared with the known powdery mildew resistance genes. The finding of PmTx45 resistance provides a new genetic locus for molecular breeding against wheat powdery mildew, and combining PmTx45 with other Pm genes will be beneficial to developing durable powdery mildew-resistant wheat cultivars. In summary, PmTx45 is a potentially novel gene that is valuable for powdery mildew resistance breeding.
